) signals, a process that plays an integral role in vital morphogenesis and physiological plasticity (1) .
IP 3 R are structurally divided into three regions: a large cytoplasmic region with an IP 3 -binding pocket close to the N-terminus, a transmembrane region near the C-terminus, and a short C-terminal tail (2) . The most characterized IP 3 R, type 1 IP 3 R (IP 3 R1), a predominant type in the cerebellar endoplasmic reticulum (ER) and spine apparatus, is a 2749-amino acid polypeptide (2) containing the IP 3 -binding core (residues 226-578) (3, 4) a transmembrane region composed of putative six-spanning domains (residues 2276-2589) (5,6) The transmembranous segments are essential for the tetramerization (7, 8) to form a channel domain, as in the case of the voltage-, Ca 2+ -, and cyclic nucleotide-gated ion channel superfamily (9,10).
The IP 3 never fully open the channel of IP 3 R without Ca
2+
. Previous functional analysis indicates that the low Ca 2+ level acts as an essential co-agonist for IP 3 -gated Ca 2+ release (11) (12) (13) (14) . The requirement of the dual ligands is considered to be an important basis of the signaling crosstalk involved in the cell function (15); it would thus be useful to understand how the binding of co-agonists structurally opens the channel of IP 3 R. 4 expressed IP 3 R1-fragments outside the IP 3 -binding core (16, 17) , and, based on the primary sequence, a critical residue for the Ca 2+ -activated channel opening was located far from the IP 3 -binding core (18, 19) . Furthermore, allosteric sites for regulations were widely distributed outside the IP 3 -binding core (20) ; thus it is quite important to visualize the overall behavior of tetrameric IP 3 R in order to elucidate the mechanism underlying channel gating by IP 3 and Ca
.
Knowledge of the spatial interrelations and rearrangements of the transmembranous channel and ligand-binding domains is central to understanding how IP 3 R carries out channel-gating by structural coupling. Biochemical analyses have revealed that the IP 3 -gated Ca 2+ release requires interdomain associations between the channel and the IP 3 -binding domains (21) (22) (23) , highlighting the importance of domain coupling to ligand-gating behavior. From a structural perspective, an investigation of this coupling problem requires information regarding the three-dimensional arrangement of these functional modules. However, knowledge of the overall quaternary structure has been limited because of the apparent heterogeneity within IP 3 R particles (24) (25) (26) (27) (28) (29) (30) , and thus the arrangement of functional domains remains controversial .
Accumulating reports have explicitly demonstrated two distinct structures of IP 3 R; one is square-shaped (26, 27, 29) and the other is windmill-shaped (24, 27, 30) . We have postulated that these dual structures are attributable to global conformational changes between the square-state (S-state) and windmill-state (W-state) within tetrameric IP 3 R particles, as described previously (27) . To obtain structural evidence in support of this hypothesis, it is essential to unveil the 3D structural of IP 3 R in order to exclude the possibility that the duality of structure is an illusion arising from the orientation of the projections. However, the recent 3D maps are very incoherent (28) (29) (30) , especially with regard to their side views, which is probably due to the structural flexibility and the lack of direct visualization. These two points are potentially large problems for the 3D reconstruction by single particle analysis, and thus information about well-controlled conditions for the stable states and reliable raw images with higher signal-to-noise ratio are required for a precise understanding of the 3D structure of IP 3 R. In this study, we directly visualized a clear side-view of IP 3 R1 using negative staining and reconstructed the first 3D structure in two-state conformations based on single-particle analysis using electron microscopy to gain insight into the mechanism by which the cytoplasmic architecture couples with the transmembrane channel. We also studied the effective concentration and the specificity of Ca 
EXPERIMENTAL PROCEDURES
Purification of native and recombinant IP 3 R1s. Immunoaffinity purification of cerebellar IP 3 R1 was performed as described previously (27) . For the purification of recombinant IP 3 R1 with the C-terminal 2218-2749 residues (∆-CT) deleted, we used a recombinant baculovirus (31) . Spodoptera frugiperda (Sf-9) cells were incubated at 27˚C for 3 days after being infected with the baculovirus. Harvested Sf-9 cells were washed with over 3 volumes of ice-cold saline at least twice. They were mixed with 10 volumes of the Tris buffer (pH 7.5) containing 50 mM Tris-HCl, 150 mM KCl 2 , 5 mM DTT, 5 mM octyl-glucoside and 4 kinds of protease inhibitors (200 µM PMSF, 10 µM Pep A, 10 µM Leu, and 10 µM E-64), and homogenized with 10 strokes at 1,000 rpm in a glass Teflon
Potter homogenizer. The homogenates were centrifuged at 1000 X g for 5 min at 2˚C, and the resulting pellet was re-homogenized. The combined supernatant was centrifuged at 105,000 X g for 1 hr at 2˚C. The clear supernatant was added to glutathione-Sepharose beads pre-equilibrated with the Tris buffer, mixed, and incubated for 30 min at 4˚C. The affinity beads were washed with 25 volumes of the same buffer at least five times and packed into a column. ∆-CT specifically bound to matrix was eluted with an equal volume of the buffer containing 10 mM glutathione. The elution procedure was repeated three times. The eluates were pooled, concentrated, quick-frozen in liquid nitrogen, and stored at -80˚C.
Partial proteolysis.
Partial proteolysis experiments were carried out in a solution containing IP 3 R1 and lysyl endopeptidase (Lys-C) as described previously (27) .
Proteolytic fragments were analyzed by discontinuous polyacrylamide gel electrophoresis (PAGE; 5% or 10% gel) and immunoblotting using the monoclonal . Especially, the 38-kDa fragment, which was separated with 10% gel and labeled with 4C11, exhibited a marked Ca
2+
-dependence (Fig. 1A , lower panel).
These data confirmed the findings of our previous study using Ca 2+ -EDTA solutions (27) .
The Ca
-dependency of recombinant IP 3 R1 (∆-CT) was different from that of native IP 3 R1 (Fig. 1B) . The 38-kDa band was abundantly observed in the 1 mM EGTA solution when the recombinant IP 3 R1 was digested by 0.5 and 2 µg/ml of Lys-C.
In order to investigate the selectivity of divalent cations for the structural changes, These structural properties were explicitly confirmed by the image analysis (Fig. 4A , lower row). The other stained images were classified into at least three types. We categorized the windmill-like particles without 4-fold symmetry into the "tilted view" (Fig. 4B) , the flatten triangle images with three heads into the "three-headed side view" (Fig. 4C) , and the V-shaped images into the "two-headed side view" ( (26), and to the negatively stained images of purified IP 3 R1 (27) . The relative abundance of head-to-head views was much less than that of the isolated mushroom views; however, the raw image of the head-to-head assembly was quite identifiable by a binding interface that appeared as extremely stained clefts between two particles ( Fig. 4G ), which strongly confirmed that the mushroom projection is a side-view perpendicular to its long axis. Regardless of the starting references, the resultant averages of the side-view images indicated that the 12 overall dimensions of the mushroom particle and the head-to-head assembly were 24 x 17 nm and 24 x 33 nm, respectively (Fig. 4F, 4G ). Based on these projections, we can determine that the IP 3 R1 particle can be divided into two major domains: a smaller ellipsoidal component (12 x 7 nm) and a larger isosceles triangle component (24 x 10 nm) that attaches to an adjacent face in the head-to-head assembly. This protruding mass is thought to contain the membrane-traversing segments of the IP 3 R1, whereas the large component has dimensions similar to rectangular dense projections that have been observed on the cytoplasmic side of the ER membrane(26); we will refer to these two structures as the channel and cytoplasmic domains. Furthermore, the most striking feature of the cytoplasmic domain was the presence of large-stained cavities (~ 3 nm) that we will call "windows", surrounded by narrow protein densities that we will refer to as "bridges", which formed a link between the channel domain and the cytoplasmic domain containing the interface between the two particles ( Fig. 4F, 4G ).
3D Reconstruction of IP 3 R1.
We generated a low-resolution 3D model from the selected top and side views, and refined the model by imposing the 4-fold symmetry to improve its resolution. Projection images of the converged 3D map agreed well with the corresponding class averages calculated from the raw data in the absence of Ca 2+ (Fig. 5A , ( Fig. 5D ).
The 3D maps of the IP 3 R1 are represented as sections normal to the 4-fold symmetry axis (Fig. 6 ). The sections of the 3D map at 3.4 nm resolution without Ca 2+ revealed dense domains and their interconnecting zones (Fig. 6A) . The slices of the dense core domains, corresponding to the channel domain, were square-shaped (sections 2-14). They also showed low-density boundaries dividing into the four densities (red arrows in Fig. 6A ). Both the square profiles and boundaries indicated that the luminal tip of the channel domain twisted about 30° counterclockwise with respect to its cytoplasmic side. From section 15 to 19, the four small densities were remarkably segregated from each other and continued to the four large cytoplasmic domains, which appeared to connect to the neighboring domain at two distinct points (red arrows in sections 24 and 35 Fig. 6B ).
The four bridges connecting the central core to the four globular densities were recognized, but were not very dense. In the more cytoplasmic side of the bridges, the cytoplasmic four densities did not connect to the adjacent density.
Computed representations of the surface topography were determined from the 3D reconstruction after low-pass filtration, the limiting resolution. The structure without Ca 2+ had a mushroom-like appearance ( Fig. 7) with a large square-shaped head and a small square portion linked by four thin bridges (sector 1 in Fig. 7 ). In its overall dimensions cytoplasmic domain, has an ellipsoidal division (sectors 2-5 in Fig. 8 ) with the dimensions of 9.3 x 9.1 x 7.2 nm and a bridge structure (sector 1 in Fig. 8 ).
The central core appears to be square-shape when viewed from the lumen, and its dimensions are 8.5
x 8.5 x 10 nm (CD and sector 6 in Fig. 8 ).
by Based on our biochemical and electron microscopic analyses, we here propose a 3D model for the large-scale rearrangements within IP 3 R1 (Fig. 9) . The W-state may arise as a consequence of the cytoplasmic assembly of the S-state splitting into four pieces (sectors 2-5) containing the IP 3 -binding core. The bridge domain (sector 1 in Fig. 7, 8) could provide a pivot point for the observed movements of the IP 3 
-binding domains during the transition between the S-and W-states (S/W-transition).
The Ca 2+ -insensitive 38-kDa fragment of recombinant IP 3 R1 as shown in Fig. 1 , in which the transmembrane domain essential for tetramerization was deleted (7, 8) ,
indicates that the generation of the 38-kDa fragment is dependent on the quaternary state rather than on the conformational state within a protomer. Thereby, it is possible that the 38-kDa fragment is buried into the interface zone (around hollow b) of the S-state between adjacent subunits, but is accessible to the protease in the W-state (Fig. 9B ). This location of 38-kDa fragment is strongly supported by the previously reported mapping of IP 3 -binding domains using heparin-gold (27) . According to our mushroom-like 3D map, the channel domain of IP 3 R1 represents 25% of the total volume, which corresponds to 78
kDa. This calculated size is close to that of the C-terminal fragment (around 90 kDa)
derived from the trypsinized IP 3 R (21-23), which contains membrane-spanning domains.
Thus the cleavage sites by trypsinization, at the position of amino acid 1924-1931 (23), could be located in the region of the sector 1. As described in our previous report, the production of C-terminal 130-kDa fragment by Lys-C was also Ca 2+ -dependent (27) .
Therefore, the nick site producing the 130-kDa fragment by Lys-C might locate near the dynamic interface zone of the S-state as well as the 38-kDa fragment, because the accessibility around the interconnecting zone represents the most dramatic change between the two states. Therefore, we suggest that the N-terminus of the 130-kDa fragment by Lys-C and the position of the 38-kDa fragment could be located around the calcium-gated MthK channel (46, 47) . This type of coupling system via bridge structures from the extra-membranous quaternary structure to the channel gate could be common to ligand-gated channels; however, it remains mysterious how the channel pore is precisely controlled with the multimodal signals generated upon coagonist-and regulator-binding within the large cytoplasmic structure. We suggest that regulatory molecules binding to the interdomain-bridge precisely tune the communication between the domains. The Ca 2+ -sensor site, around glutamate at the position of amino acid 2100 (18, 19) , might locate near the bridge. Additionally, we cannot exclude the possibility that the W-state could be a desensitized structure resultant from prolonged activation with low Ca 2+ ; therefore, we also consider another plausible model of "desensitization": first, IP 3 and Ca 2+ bind to the resting state (S-state), the gating signal is relayed from IP 3 -binding core to the channel domain, which triggers the channel opening (activated S-state). Next, the long-lasting exposure to the released Ca 2+ elicits the S/W-transition, which structurally terminates the signal relay by the relocation of IP 3 -binding cores (W-state). This desensitization model might provide a structural basis for a negative-feedback regulation of IP 3 R1. directly associated with the neighboring C-terminal channel domain (22) . However, the most surprising feather is that our domain assignments represent the long distance between the IP 3 -binding site and the channel domain in both S/W-states (Fig. 9B) .
Therefore, we postulate the long-range relay of gating signal, which should occur via a few adjacent domains rather than simply direct binding of the IP 3 -biniding core (residues 226-578) with the transmembranous channel (residues 2276-2589). for the discrepancy is the problem of the preferred orientation of particles on the carbon surface owing to the intrinsic structure of IP 3 R. Our results revealed that the particles oriented by around 30° (corresponding to θ=60°) are more stable than those presenting the side face (θ=90°) on the carbon film, which can be well elucidated by our mushroom-like 3D structure. Their model-free angular reconstruction was hypothetically built on the evenly distributed orientation of particles on the carbon film; therefore, the lower contribution of side-view projections for 3D reconstruction should be critical. Our 3D structure is based on a six-fold higher number of raw images with higher contrasts, which contain sufficient side projections consistent with those of the head-to-head assembly; thus our 3D structure is more reliable with respect to the mushroom-like side view. Recently, Serysheva et al. described a pinwheel-like 3D map at 3.0 nm resolution by using cryo-electron microscopy and single-particle analysis (30 -dependent structural changes (data not shown). In addition, the W-state existed to some extent as described previously (27) and as shown in Fig. 3 , even though we completely chelated Ca 2+ by EDTA or EGTA. The coexistence of S/W-states is a potential problem for the single particle analysis, particularly when using cryo-electron microscopic images, which have a much lower signal-to-noise ratio than our negatively stained images, because the classification and angular assignment might higher affinity than monomeric IP 3 . Thereby, they interpret that the distance between IP 3 -binding sites within a tetramer is less than 2 nm, and that the 8 nm arm could bridge between neighboring tetramers, as described by Riley et al (65) . Even though the IP 3 R by guest on October 1, 2017
http://www.jbc.org/ Downloaded from 24 might form a highly packed two-dimensional array in the membrane, and the presumed distance of 2 nm would be correct, nonetheless the distance of 8 nm is much shorter than the calculated distance, which should be theoretically more than 16 nm because the dimension of the compact S-state on a side is recently estimated to be 18-20 nm (26, 27, 29) . Therefore, it is more likely that the distance of the IP 3 -binding site of the paired particle within the head-to-head assembly would be less than 2 nm, and the distance between the IP 3 -binding core in a tetrameric receptor would be considerably more than 8 nm, which is consistent with our model based on mapping with heparin-gold (27) . IRBIT protein (consisting of 530 amino acids) binds to the IP 3 -binding core (31) , also supporting our model that the IP 3 -binding core would be exposed to the water surface. by guest on October 1, 2017
